Novel sounds in the auditory oddball paradigm elicit a biphasic dilation of the pupil (PDR) 31 and P3a as well as novelty P3 event-related potentials (ERPs). The biphasic PDR has been 32 hypothesized to reflect the relaxation of the iris sphincter muscle due to parasympathetic 33 inhibition and the constriction of the iris dilator muscle due to sympathetic activation. We 34 measured the PDR and the P3 to neutral and to emotionally arousing negative novels in dark 35 and moderate lighting conditions. By means of principal component analysis (PCA) of the 36 PDR data we extracted two components: the early one was absent in darkness and, thus, 37
• PDR and ERP effects of novel emotional and neutral oddball sounds were studied. 48
• Parasympathetic and sympathetic contributions to the PDR were dissociated by PCA. 49
• The parasympathetic PDR component was absent in darkness. 50 4 the parasympathetic and sympathetic nervous systems to the PDR is therefore of high 88 relevance. 89 90 Frequently, the observed pupil dilation in response to rare events is biphasic and it has been 91 suggested that the two peaks reflect the overlapping contributions of the sphincter muscle 92 relaxation by parasympathetic inhibition and of the dilator muscle constriction by sympathetic 93 activation (Steinhauer & Hakerem, 1992) . Steinhauer and Hakerem (1992) hypothesized that 94
overlapping sympathetic and parasympathetic contributions should be separable by means of 95 factor analysis. A biphasic response to several environmental distractor sounds was also 96 observed in infants and adults (Wetzel et al., 2016) . Two main components were extracted 97 using a principal component analysis (PCA), however, the attribution of components to 98 changes in parasympathetic and sympathetic activity remained unclear. A PCA was also 99 applied to pupillary data by Geuter, Gamer, Onat, and Büchel (2014). The components were, 100 however, not related to pupil physiology but used to predict pain ratings by a regression based 101 approach. Together with their original hypothesis Steinhauer and Hakerem (1992) already 102 suggested a possible validation of this attribution by variation of lighting conditions: the 103 parasympathetic tone, but not sympathetic tone, is minimal in darkness (Loewenfeld, 1958; 104 and the sphincter muscle maximally relaxed). Thus, in darkness, a component related to 105 parasympathetic inhibition should be reduced in comparison to bright lighting conditions, 106 while a component related to sympathetic activation is not supposed to be modulated by 107 lighting conditions. The contributions of the parasympathetic and the sympathetic pathway to 108 pupil dilation during sustained processing have already been successfully separated by the 109 variation of ambient lighting as well as by pharmacological manipulations (Steinhauer, 110 Siegle, Condray, & Pless, 2004). However, for the phasic PDR observed in response to rare 111 (sound) events the separation of the contributions of parasympathetic inhibition and 112 sympathetic activation by means of factor analysis or PCA including a validation by lighting 113 conditions has−to our knowledge−not yet been empirically tested. 114 115 Also the P3-family of event-related potential (ERP) responses associated with processes of 116 attention and memory (for review see, e.g., Alho, Escera, & Schröger, 2003; Polich, 2007) 117 has been suggested to be related to LC-NE system activity. More specifically, a current theory 118 postulates that P3 and the autonomic component of the orienting response do reflect the co-119 activation of the locus coeruleus-norepinephrine (LC-NE) system and the peripheral 120 and P3 would be expected and give some support to the suggestion that the P3-family of ERP 141 components might reflect the co-activation of the LC-NE system and the sympathetic nervous 142 system (even if PDR and P3 amplitude do not necessarily correlate at the single trial level; 143 Kamp & Donchin, 2015) . 144
145
Here we aimed at examining these issues in detail by the co-registration of the PDR and P3 in 146 an auditory oddball paradigm including emotionally arousing negative and neutral novel 147 sounds in dark and moderate lighting conditions. We hypothesized that we can replicate the 148 decomposition of the biphasic PDR to novel sounds into two components by means of PCA 149 (as already demonstrated by Wetzel et al., 2016) , additionally confirming the parasympathetic 150 vs. sympathetic origin of the two components by variation of lighting conditions. Further, we 151 hypothesized that only the sympathetic contribution would be modulated by emotional 152 arousal. Finally, following the LC-NE SNS co-activation hypothesis we expected an 153 enhanced P3 in response to emotionally arousing novel sounds. 154 6
Materials and Methods 156
Participants. A total of 22 young adults participated in the experiment, 2 of them were 157 excluded from data analysis due to excessive blinking resulting in less than 70% of trials 158 remaining in any condition after EEG and pupil data artifact rejection. The exclusion criterion 159 was defined a posteriori. A total of 13 of the participants included in data analysis were 160 female, 7 male, 16 were right-handed, and 4 left-handed. Their mean age was 23 years and 10 161 Herzogenrath, Germany). Loudness was equalized with root mean square normalization. 173
174
The novel sounds were used and described in detail in a previous study by Max, Widmann, 175 Kotz, Schröger, and Wetzel (2015) . There, 32 high arousing emotionally negative and 32 176 moderately arousing emotionally neutral sounds were selected in a pilot study from a set of 177 210 sounds collected from the International Affective Digitized Sounds (IADS; Bradley & 178 Lang, 2007) from a study by Hasting, Wassiliwizky, and Kotz (2010) , and from other data 179 bases as described by Max et al. (2015) . Sounds were rated for valence (unpleasant -neutral -180 pleasant) and arousal (calm -arousing) on 9-point scales with the Self-Assessment Manikins 181 (Bradley & Lang, 1994) . Valence and arousal ratings were significantly different for 182 emotionally negative vs. neutral sounds (Max et al., 2015) . in pseudo-randomized order. At least two standard sounds were presented between two 210 novels. Sixteen novels -randomly selected for each participant, condition, and category -211 were presented once, the other 16 novels twice per condition but never within the same block. 212
The SOA between sounds was 1.8, 2, 2.2, or 2.4 s with equal probability. The orientation 213 changes of the visual target were Poisson distributed at a rate of 5 min −1 . The delay between 214 two target orientation changes was at least 0.6 s. The latency of target orientation changes was 215 adjusted not to occur within ±0.2 s before or after the onset of a sound to avoid illusory audio-216 visual events. Within a ±1.8 s period before and after each novel sound the probability of 217 target orientation changes was reduced so that not more than one novel per category and 218 block had to be discarded (resulting in slightly reduced overall rate). On average 20.5 target 219 orientation changes occurred per block (range 10 to 34). Participants were asked to report the 220 counted number of orientation changes after each block and to ignore the auditory were excluded due to blink periods longer than 1 s or accounting for more than half of the 313 trial duration in the pupil data. In total 16 trials (M = .8; Mdn = 0; SD = 1.7; min = 0; 314 max = 6) were excluded due to peak-to-peak voltage differences exceeding 200 µV in the 315 EEG. In total 2 trials were excluded due to artifacts in pupil and EEG data. Blinks accounted 316 between emotional and neutral novels was not significantly different between electrode 404 locations but scores were significantly higher for emotional novels than for neutral novels 405 (follow-up main effect emotion : F(1,19) = 5.136, p = .035, η G 2 = .018). A significant main 406 effect of emotion (F(1,19) = 18.296, p < .001, η G 2 = .036) and significant interactions of 407 emotion and component (F(1,19) = 6.098, p = .023, η G 2 = .004; the effect of emotion was 408 larger for P3a/early P3a, t(19) = 6.075, p < .001 than for novelty P3/late P3a, t(19) = 2.266, 409 p < .035), and component and electrode location were observed (F(1,19) with care as they were also included in the higher-order three-way interaction effect. 413
414
Discussion 415
In an auditory oddball paradigm task-irrelevant, emotionally arousing negative, and neutral 416 novel sounds were presented amongst frequent sine wave standard sounds in dark and 417 moderate lighting conditions while subjects performed a visual orientation tracking task. A 418 similar pattern of results was observed for the pupil dilation response and the P3 ERP- the slow component was observed in dark and moderate lighting conditions. As the 433 parasympathetic tone is minimal in darkness (Loewenfeld, 1958 ; and sphincter muscle 434 relaxed) pupil dilation observed in darkness must only be attributed to constriction of the iris 435 dilator muscle due to sympathetic activation. Thus, we could validate the attribution of the 436 faster component (the early part/peak of the biphasic response) to sphincter muscle relaxation 437 due to parasympathetic inhibition and the slower component (the late part/peak of the 438 biphasic response) to dilator constriction due to sympathetic activation previously suggested 439 by Steinhauer and Hakerem (1992) . Besides the modulation of the parasympathetic 440 component we also observed a modulation of the sympathetic component by lighting 441
conditions which was not predicted following Steinhauer and colleagues (1992; reflected as 442 main effect of lighting in the ANOVA). We assume that this is due to restricted dynamic 443 range also of the iris dilator muscle in the fully dark-adapted pupil. 444 16 445 Effects of novels' emotional arousal on PDR. Novel sounds elicited a PDR presumably 446 signaling surprise and arousal (Einhäuser, 2017; Preuschoff et al., 2011) . In line with previous 447 findings we observed larger PDRs to emotionally arousing negative than to neutral novel 448 sounds (Partala & Surakka, 2003) . Importantly, a larger PDR to emotionally arousing sounds 449 was only observed for the sympathetic activation component (but not for the parasympathetic 450 inhibition component) of the PDR. The lack of a modulation of the parasympathetic 451 component by emotion is presumably not due to emotional information not being available 452 yet, as the ERP P3a component peaking more than half a second earlier is well affected by 453 sounds induced emotional arousal (see below). Thus, our results give direct evidence for the 454 hypothesis suggested by Bradley et al. (2008) , based on indirect evidence, that emotional 455 arousal is specifically reflected in sympathetic nervous system activation. A biphasic PDR 456 separable into two PCA components in response to novel sounds was previously reported for 457 preverbal 14-month-old infants as well as for adults (Wetzel et al., 2016) . In their study, the or amplitude for aversive vs. everyday deviant sounds. In this study, sounds were rated for 498 pleasantness (valence) but not for arousal. Thus, it seems possible that the aversive sounds 499 used there did not necessarily induce higher arousal than the everyday sounds. 500
501
The observed co-modulation of the sympathetic contribution to the PDR and the P3a 502 component is compatible with the hypothesis that the LC-NE system and the peripheral 503 shows a phasic increase of activity in response to salient, unexpected, novel, task-relevant (or 506 otherwise motivationally significant) stimuli leading to NE release in widespread cortical 507 areas increasing cortical neuronal responsivity. In this context, the P3a is considered rather as 508 a neuro-modulatory response allowing the fast evaluation of significant stimuli to prepare for 509 rapid action (Nieuwenhuis et al., 2011; Polich, 2007) . Novel sounds are significant as they 510 potentially announce changes in the environment requiring an adaptation of behavior. 511
Emotionally arousing stimuli are additionally associated with intrinsic significance. As a 512 18 limitation we would like to note that a direct correlation of PDR and novelty P3 amplitudes 513 was not found at single trial level in a previous study by Kamp and Donchin (2015) but only 514 correlations of both P300 and PDR with reaction time and a negative correlation of pupil 515 baseline amplitude (indexing tonic LC activity) with the novelty P3. 516
517
In summary, from a functional point of view, surprisingly occurring but task-irrelevant 518 emotionally arousing negative sounds caused enhanced stimulus-related processing involving 519 essential attentional functions. Importantly, we were able to dissociate contributions of 520 parasympathetic inhibition and sympathetic activation to the PDR in response to unexpected 521 task-irrelevant novel sounds. Only the sympathetic contribution and the co-registered P3 522 components (P3a and novelty P3) were enhanced in response to emotionally arousing 523 compared to neutral novel sounds. This gives direct evidence for the suggestion that 524 emotional arousal is reflected in sympathetic nervous system activation (Bradley et al., 2008) 525 and is compatible with the suggestion that P3 might reflect co-activation of the LC-NE and 526 the sympathetic nervous systems linking the PDR and the P3. The possibility to dissociate 527 parasympathetic and sympathetic activity in the PDR allows promising applications to study 528 processes of attention and cognition in particular in children, patients, or other populations 529 where pupil diameter measurement can be recorded significantly easier than other 530 psychophysiological measures. 531 532
